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Twinning in hexagonal close-packed Mg alloys has been reported to be
unfavorable when the grain size is reduced below a couple of microns and
suppressed at the nanoscale. Using high-resolution transmission electron
microscopy, we present evidence of nanotwins (<1 nm) in nanocrystalline
Mg–Al alloys processed by cryomilling. The commonly observed twinning
modes for coarse-grained Mg are identified and supported with atomistic
molecular dynamics simulations. The specific thermomechanical conditions
offered by cryomilling facilitate the generation of deformation twins that are
not observed with conventional deformation processing methods.

Keywords: nanocrystalline Mg–Al alloys; nanotwins; cryomilling;
transmission electron microscopy; molecular dynamics simulations

1. Introduction

Nanocrystalline (nc) metals are well known for their high strength, but frequently suffer
significant losses in ductility due to the reduction in the work hardening potential.
However, recent studies have shown that the introduction of nanotwins in nanocrystal-
line materials can result in an extraordinarily high strength with concurrent retention of
ductility [1]. The ductility is retained via the movement of dislocations along the
nanotwin boundaries, which effectively retains the work hardening potential unavailable
to most ‘conventional’ nanograined materials. While such behavior has been observed
for fcc and bcc materials, deformation twins are rarely observed in hcp nc Mg [2].

It has been reported that deformation twinning in nc Mg is suppressed due to the
high stress required for a twin to nucleate [2], which increases drastically with decreas-
ing grain size to the nanometer scale [3–5]. More explicitly, in hcp metals, dislocations
on the non-close-packed pyramidal planes are much harder to be activated than those
dislocations with a Burgers vector in the close-packed directions that are on the basal
plane or prism planes [6,7]. Hence, profuse deformation twinning is activated in coarse-
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grained hcp metals when loaded [8–10]. These deformation twins, which provide the
dominant plastic deformation mechanism, strongly depend on temperature [3,11], strain
rate [11,12], and grain size [11,13–17]. It has been reported that larger grain sizes are
more favorable for twin nucleation [11,13–17]. This is attributed to the critical stress, σ,
for dislocation slip and twinning that follows a Hall–Petch relationship σ= σ0+ kd�1/2,
where σ0 is the stress at very large grain sizes, k is the Hall–Petch slope, and d is the
grain size. It is well known that by decreasing the grain size, the Hall–Petch slope for
deformation twinning can be much larger than that for dislocation slip [11,14]. There-
fore, a smaller average grain size will further hinder deformation by twinning if the
critical stress to nucleate a twin is not reached.

It has recently been reported that by alloying Mg with Ti in a nc Mg–Ti alloy [18],
with Y and Zn in Mg97Y2Zn1 (wt.%) [19] prepared via room temperature mechanical
milling, the energy path for twinning can change and the deformation twins can be
observed. While these studies provide evidence of twinning in nc Mg alloys, they do
not de-convolute the effect of alloying (to reduce the stacking fault energy for easier
twin generation) from the thermomechanical processing conditions during mechanical
milling which may induce deformation twins. Deformation twins in nanostructured
AZ80Mg alloy [20] have also been observed in powders produced by cryomilling, but
no evaluation of the nature of the twinning modes was provided.

In this work, we expand on these results by systematically identifying the primary defor-
mation twinning modes which occur in nc Mg–Al alloys during cryomilling. Using high-
resolution transmission electron microscopy (HRTEM) concurrently with molecular
dynamic (MD) simulations, it is demonstrated that twinning modes typical of coarse-
grained Mg alloys, namely f1 0 �1 1gh1 0 �1 �2i and f1 0 �1 2gh1 0 �1 �1i type deformation twins,
can be activated in nc Mg-based alloys. We postulate that the combination of high strain
rate and low temperature plastic deformation during cryomilling facilitates the generation
of nanotwins and represent a powerful method for property improvement in nc Mg alloys.

2. Experimental procedure

Commercially available gas-atomized Mg and Al alloy powders were blended to
formulate two composition Mg70Al30 and Mg90Al10 (wt.%) alloys. The blended powder
was cryogenically milled for 8 h under liquid nitrogen atmosphere in a Union Process,
Szegvari mill at California Nanotechnologies Inc. HRTEM analysis was carried out
using a FEI Titan TEM operating at 300 kV. TEM samples were prepared by spreading
of an ultrasonicated suspension of the cryomilled powders in ethanol onto a regular Cu
grid. HRTEM images were Fourier filtered to reduce the background noise using Image
J. Atomistic simulations were carried out to study the deformation behavior of nc Mg
upon tensile loading. Our simulations were performed with the LAMMPS [21], a paral-
lel simulation code for systems with a large number of atoms. Many-body
semi-empirical interatomic potential developed by Liu et al. [22] was used in our simu-
lation. This EAM potential (embedded atom method) [23] fits to both experimental and
ab initio data and describes the mechanical properties of Mg with satisfactory accuracy.
A total of 27 grains were constructed by Voronoi tessellation procedures [24] and the
crystal orientations were randomly assigned. The system contains about 10 million
atoms in a 60 nm� 60 nm� 60 nm box. No periodic boundary conditions were applied
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in all the three directions. The time step size was 1.0 fs. To make our conclusions more
general, we performed our simulations at 300K. Additionally, the extremely low
temperature conditions during cryomilling were compensated with a high strain rate in
our MD simulations. The deformation was performed such that the atoms on the right
surface were moved at a constant displacement rate corresponding to a strain rate about
109 per second, while the atoms on the left surface were held still. Centro-symmetry
parameter (CSP) [25] was used to identify the lattice defects such as twins, dislocations,
and interfaces. In all the plots, atoms are colored according to their relative magnitude
of the centro-symmetry parameter.

3. Results and discussion

Nearly equiaxed nc Mg grains have been obtained for both Mg70Al30 and Mg90Al10
cryomilled powders with an average grain size of 27 and 30 nm, respectively. Details of
the processing and characterization of the cryomilled powders are described in detail in
Ref. [26]. Figure 1 displays a detailed TEM analysis of f1 0 �1 1g twin boundaries (TBs)
and their propagation within nc Mg70Al30 (top panel) and Mg90Al10 grains (bottom
panel). f1 0 �1 1g TBs (highlighted by yellow solid lines) giving a mirror relationship
between the parent and the twin planes can be observed in both HRTEM images of
Mg70Al30 (Figure 1(a)) and Mg90Al10 grains (Figure 1(d)). It is interesting to observe
that the TBs can propagate by the motion of atomic steps with a step height of two
atomic f1 0 �1 1g planes (highlighted by two arrows parallel to the f1 0 �1 1g planes). Fig-
ure 1(b) is the fast Fourier transformation (FFT) of the image in (a). Its color-coded
indexed FFT for clarity is shown in Figure 1(c). Interplanar distances measurements
indicate that the misorientation relation between the parent (blue lattice/black in print)
and the twin (red lattice/grey in print) is close to the expected angle of 58° for a grain
oriented to the h1 �2 1 �3i zone axis. This angle is in good agreement with that previously
reported [27,28] characteristic of rotational twins on f1 0 �1 1g planes. Note that
�ð1 �1 0 1ÞT (planes from the twin) and �ð0 �1 1 1ÞP (planes from the parent) are almost
parallel to each other.

Figure 1(d) is a HRTEM image showing nanotwins of only 0.8 nm widths in a
nanocrystalline Mg90Al10 grain of around 6 nm size. Figure 1(e) is the FFT of the
image. Its color-coded indexed FFT (Figure 1(f )) indicates that the nanocrystalline grain
is oriented to the h1 �2 1 �3i zone axis. In addition to some extra spots from the neighbor-
ing grains, two reciprocal lattices sharing the same zone axis are detected. The red (grey
in print) denotes the reciprocal lattice for the twin that is rotated by 58° with respect to
the h0 �1 1 1i� direction of the parent in blue (black in print). Again �ð1 �1 0 1Þ planes
from the twin and �ð0 �1 1 1Þ from the parent are almost parallel to each other. As
observed in the Mg70Al30 alloy, TBs can propagate by the motion of atomic steps with
a step height of two atomic f1 0 �1 1g planes (Figure 1(d)). We provide further evidence
using MD simulations (Figure 3(b)) that f1 0 �1 1gh1 0 �1 �2i contraction twins can be acti-
vated in nc Mg grains and controlled by two-layer zonal twinning dislocations [29,30].

In addition to contraction twins, we have also observed extension twinning on the
characteristic f1 0 �1 2g planes. f1 0 �1 2gh1 0 �1 �1i extension twin is a common deforma-
tion twinning mode seen in coarse-grained Mg [31–33] and in many other hcp systems
[34]. Figure 2 shows a HRTEM image of several nc Mg70Al30 grains. From the two
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FFTs (inset) labelled as P and T from the parent and twin regions located at both sides
of the TB, we identify the h1 0 �1 2i� direction that has been highlighted by dashed
yellow lines in both FFTs. From the indexed FFTs, in addition to some extra spots from
the neighboring grains, we can at least identify ð0 0 0 2ÞP and ð0 1 �1 2ÞP planes from the
parent that have been rotated 86° (as expected) with respect to the h1 0 �1 2i� direction
to result in ð0 0 0 2ÞT and ð0 1 �1 2ÞT . Figure 2(b) is a HRTEM image of the region

Figure 1. (colour online). (a) HRTEM image of a nanocrystalline Mg70Al30 grain showing
f1 0 �1 1g twin boundaries (TBs). (b) Fast Fourier transform (FFT) of the image. (c) Color-coded
indexed FFT showing the misorientation relation between the parent (blue/black in print) and the
twin (red/grey in print) close to 58°. (d) HRTEM image of a nanocrystalline Mg90Al10 grain
showing f1 0 �1 1g TBs. (e) FFT of the image. (f) Color-coded indexed FFT showing the character-
istic relation between the parent (blue/black in print) and the twin (red/grey in print) close to 58°.
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highlighted by the rectangle in which f1 0 �1 2g TB and (0 0 0 1) basal planes are
marked. As expected, the basal planes of the parent and the twin appear nearly
perpendicular to each other.

TEM results provide evidence that nanotwins can be activated in two different nc
Mg–Al alloys processed under the same cryomilling conditions. These results suggest a
strong correlation between cryomilling and twinning in hcp nc Mg-alloys. During cryo-
milling, the development of nanostructures is mainly accomplished via the formation of
shear bands under localized deformation [35]. The milling time required to attain nc
grains is significantly reduced because the extremely low temperature suppresses the
annihilation of dislocations [36–37]. As the plastic deformation increases, under high
strain rate and cryogenic temperatures, the number of dislocations becomes larger. We
believe that the high dislocation density on the grain boundaries (GBs) leads to a higher
localized stress that might act as the driving force for twins’ nucleation.

MD simulations were performed in order to support our experimental observations.
The atomistic simulations are based on pure nanocrystalline Mg under high strain rate
conditions. This setting is expected to be less favorable to twin formation as compared
to Mg–Al alloys. As a matter of fact, it has recently been reported by density functional
theory calculations [38,39] that Al could be included in the group of those elements that
decrease or do not change the value of the stacking fault energy of pure Mg. The initial
configuration of our simulation is shown as an inset in Figure 3(a). Atoms residing at
GBs and surfaces have different CSP values than those in perfect lattice points. As the
strain increases, dislocation slip and deformation twinning are activated. Figure 3(a)
shows a top view of a thin slice of the system that is parallel to the top surface at time
step 80 ps. A partial dislocation and the associated stacking faults (SFs) are presented in
blue (dark in print). Dislocations are always nucleated from GBs and free surfaces, and
propagate across the grains. Deformation twins can be seen in the top and lower right
regions. Twins are nucleated at GBs or triple junctions of the GBs. Enlarged views of
twins and SFs are shown in Figure 3(b) and (c).

Figure 2. (colour online). (a) HRTEM image of several nanocrystalline Mg70Al30 grains showing
a f10 �1 2g TB highlighted by the rectangle. Insets are FFTs of the parent (P) and the twin (T)
showing the characteristic rotational angle of 86°. (b) Atomic-resolved image of the f10 �1 2g TB
from the region highlighted by the rectangle in (a).
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Figure 3. (colour online). (a) Cross-sectional view of the grains (20 nm in size) of a thin slice
parallel to the figure plane from the initial configuration of nanocrystalline Mg (inset).
(b) f1 0 �1 1gh1 0 �1 �2i contraction twins from the top middle grain in (a). A two-layer zonal
dislocation that controls the migration of the twin boundary is highlighted by an arrow.
(c) f1 0 �1 2gh1 0 �1 �1i extension twins from the bottom right grain in (a).
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To identify the twinning modes, we tilted the lattices meticulously such that
twinning elements, that is, the twinning plane and the plane of shear can be well
defined. For the two most commonly observed twinning modes, that is,
f1 0 �1 2gh1 0 �1 �1i extension and f1 0 �1 1gh1 0 �1 �2i contraction twins, we tilted the system
such that the basal planes of the parent and the twin and the twinning plane are all
perpendicular to the figure plane. The shear plane is exactly parallel to the figure plane
and the zone axis is parallel to h1 �2 1 0i. Figure 3(b) shows a f1 0 �1 1gh1 0 �1 �2i contrac-
tion twin where the mirror symmetry is well defined. A two-layer zonal twinning dislo-
cation [29,30] can be identified, which controls the migration of TB as observed
experimentally in Figure 1. The experimentally observed f1 0 �1 2gh1 0 �1 �1i extension
twin was also validated with our simulations in Figure 3c. As expected, twin and parent
lattices satisfy the twin orientation relationship nearly perpendicular to each other.

4. Summary

We propose a comprehensive approach based on high-resolution TEM studies and MD
simulations to demonstrate the formation of nanotwins in nanocrystalline Mg-Al alloys.
We present the evidence of narrow (<1 nm) deformation twins in two nanocrystalline
magnesium alloys (Mg70Al30 and Mg90Al10 wt.%) processed under the same cryomil-
ling conditions. We demonstrate that the two common f1 0 �1 1gh1 0 �1 �2i and
f1 0 �1 2gh1 0 �1 �1i twinning systems in coarse-grained Mg are prevalent in nanocrystal-
line grains. Our results suggest cryomilling as an optimum severe plastic deformation
technique that provides high stress to activate the deformation twins in nanocrystalline
Mg grains.
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